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INTRODUCTION
The Lusitanian toadfish, Halobatrachus didacty-
lus (Bloch and Schneider, 1801) (Batrachoididae) is
a sedentary benthic species that lives down to about
50 m, inhabiting the eastern Atlantic from Ghana to
the Iberian Peninsula (about 39ºN) (Roux, 1986).
On the Portuguese coast this species is particularly
abundant in estuaries south of Sado (38ºN) (Sobral
and Gomes, 1997) and has a peculiar distribution:
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SUMMARY: The Lusitanian toadfish, Halobatrachus didactylus (Bloch and Schneider, 1801), is distributed from the Ghana
coast to the Iberian Peninsula, being particularly abundant on the south coast of Portugal. The differentiation of this species
along the Portuguese coast was assessed through the analysis of 10 samples, considering morphological characters (20 mor-
phometric and 16 meristic) and genetic markers (10 allozymes, 11 loci). Southern samples included estuaries and their adja-
cent coastal areas, given that this species inhabits both environments, whereas western samples only comprised estuaries.
Morphometric and meristic data discriminant analysis evidenced some differentiation between estuarine and coastal popula-
tions. This was not entirely corroborated by the genetic analysis, which showed an overall pattern of low FST (0.042) and
Nei’s genetic distance, even between geographically distant areas. However, higher values of these parameters were found
between estuaries of the south coast and their adjacent coastal areas, suggesting that estuarine systems play a major role in
such differentiation. Results are discussed regarding toadfish life-history pattern and Portuguese coast geomorphology, giv-
ing an insight into the biological and environmental factors influencing population sub-structuring.
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RESUMEN: DIFERENCIACIÓN MORFOLÓGICA Y GENÉTICA DEL PEJESAPO (HALOBATRACHUS DIDACTYLUS) ENTRE ESTUARIOS Y ÁREAS
COSTERAS DE PORTUGAL. – El pejesapo, Halobatrachus didactylus (Bloch y Schneider, 1801), está distribuido desde la costa
de Ghana hasta la Península Ibérica, siendo particularmente abundante en la costa sur portuguesa. La diferenciación de esta
especie a lo largo de la costa Portuguesa se ha evaluado a través del análisis de diez muestras, considerando caracteres mor-
fológicos (20 características morfométricas y 16 merísticas) y genéticos (10 aloenzimas, 11 loci). Hacia el sur, las muestras
incluyen estuarios y sus áreas costeras adyacentes, ya que esta especie habita ambos ambientes, mientras que las muestras
del oeste están relacionadas sólo a estuarios. El análisis discriminante de los datos morfométricos y merísticos evidenciaron
diferenciación entre poblaciones de estuarios y costeras, lo cual no fue enteramente corroborado por el análisis genético, el
cual mostró un patrón general de bajo FST (0.042) y distancia genética de Nei, incluyendo áreas geográficamente distantes.
Sin embargo, valores más altos de estos parámetros fueron encontrados entre estuarios de la costa sur y sus áreas costeras
adyacentes, sugiriendo que los sistemas de estuarios juegan un papel importante en tal diferenciación. Los resultados son dis-
cutidos considerando los patrones de historia de vida del pejesapo y la geomorfología de la costa portuguesa, dando una pers-
pectiva de cómo los procesos biológicos y factores ambientales influyen la sub- estructuración poblacional. 
Palabras clave: Halobatrachus didactylus diferenciación, alozimas, morfología, estructura poblacional, áreas costeras.
on the western coast it occurs only in estuaries but
on the south coast it occurs in both estuaries and
coastal areas (Costa, 1993). Together with its distri-
bution, this species’ life history also suggests a low
flux of individuals, even between close areas, since
males nest under rocks or in crevices defending the
clutch (Santos et al., 2000). This is expected to
result in a differentiation by genetic drift, inbreeding
or, as suggested by Beheregaray and Sunnucks
(2001) for species that inhabit coastal and estuarine
regions, “divergence-with-gene-flow”. 
Like H. didactylus, the widely distributed sand
goby, Pomatoschistus minutus (Pallas, 1770), inhab-
its both estuarine and coastal areas and adults have
little or no migration. Research on the genetic diver-
sity and differentiation of this species using
allozymes suggested that the morphological differ-
entiation observed in the lagoon of Venice was relat-
ed to population structuring (Stefanni et al., 1996;
2003). Studies conducted at four locations in the
North Sea using microsatellite markers also
revealed differentiation between estuarine, coastal
and marine samples of P. minutus (Pampoulie et al.,
2004). Within the family Batrachoididae population
sub-structuring has been described for Opsanus tau
Linnaeus, 1758 and Opasanus beta Goode and
Bean, 1879 inhabiting each side of cape Hatteras on
the western Atlantic coast (Avise et al., 1987).
Considerable genotypic diversity and differentiation
was observed within each species due to the con-
strained gene flux between populations.
In studies considering population differentiation
the selection of marine areas where major biogeo-
graphic shifts occur are as important as species’ life
history and ecology (Nielsen et al., 2004). The
Portuguese coast is therefore a suitable area for the
study of population interactions due to its transition-
al character as a border area between the warm-tem-
perate and cool-temperate Atlantic zoogeographic
areas. Here, Castilho and McAndrew (1998) found a
significant population sub-structuring for
Dicentrarchus labrax (Linnaeus, 1758) juveniles in
five estuaries. However, for two species of soles
with a similar life history pattern, Solea solea
(Linnaeus, 1758) and Solea senegalensis Kaup,
1858, Cabral et al. (2003a) found a low genetic dif-
ferentiation. These contradicting results suggest
that, although estuaries may contribute to the genet-
ic divergence observed in species occurring in estu-
arine and open-coast environments (Bilton et al.,
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FIG. 1. – Location of H. didactylus sampling areas (n = sample size). TE, Tejo estuary (n = 52); SE, Sado estuary (n = 52); ME, Mira estu-
ary (n = 35); Sg, Sagres (n = 36); Qt, Quarteira (n = 56); RF, Ria Formosa estuary (n = 46); Ol, Olhão (n = 52); Tv, Tavira (n = 53); MG, 
Monte Gordo (n = 35); GE, Guadiana estuary (n = 49).
2002), the differentiation patterns depend on
whether the species only use them as a special habi-
tat during their life cycle or they actually support
distinct populations.
In the present study, morphological and enzy-
matic characters of H. didactylus inhabiting 10 areas
along the Portuguese coast were used in order to: 1)
identify and quantify the phenotypic and genotypic
variability; 2) analyse the morphological and genet-
ic differentiation of H. didactylus; and 3) infer the
importance of estuaries in population structuring.
MATERIAL AND METHODS
Sampling procedures
A total of 466 individuals of H. didactylus were
sampled from 10 areas along the Portuguese coast
(Fig. 1). Sampling sites on the western coast (the
Tejo, Sado and Mira estuaries) were widely separat-
ed, whereas most of those on the south coast com-
prised estuaries and their adjacent coastal areas.
This set of samples allowed the detection of region-
al and local patterns of differentiation as well as the
comparison between estuarine and marine environ-
ments. Beam trawl fishing was carried out during
the non-matting period, between September and
April 2000, and all individuals from each sample
were caught in the same trawl. Liver and muscle tis-
sue samples were taken from all specimens and
stored at – 80ºC until electrophoretic analysis.
Morphological analysis
Characters easily repeatable from individual to
individual, including distances between clearly
recognisable landmarks of the species anatomy,
were selected for the morphological analysis of the
10 samples. This resulted in a total of 20 morpho-
metric—including horizontal as well as vertical
dimensions of the body—and 16 meristic characters
(Table 1). Analyses of these variables were carried
out separately because they are different in their sta-
tistical nature and might therefore be responding dif-
ferently to environmental and genetic factors
(Ihssen et al., 1981). 
All morphometric characters, measured to the
nearest 0.1 mm, were transformed to logarithms to
approximate multivariate normality. Given that
body measurements are generally strongly correlat-
ed with the individuals’ total length (TL), morpho-
metric characters were standardised to the overall
mean total length using Hurlbut and Clay’s (1998)
expression:
in which TL is the total length, Mx is the original
measurement, TL—– is the overall mean total length
and b is the slope, within areas, of the geometric
mean regression (Ricker, 1973) on the logarithms of
Mx and TL. This regression model was chosen
because any of the variables could be considered as
depending on another. The resulting variables were
then considered shape discriminators (Humphries et
al., 1981). After size effect removal, variables
remaining highly correlated were considered redun-
dant and eliminated from the analysis. Meristic
M M .
TL
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b
=
⎛
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⎟
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TABLE 1. – Morphometric and meristic variables considered in the
morphological analysis of H. didactylus. 
Morphometric 
Total length TL
Standard length SL
Length from the snout to the beginning of first dorsal fin 1DL
Length from the snout to the beginning of second dorsal fin 2DL
First dorsal fin length D1
Second dorsal fin length D2
Caudal fin length CL
Length from the snout to the beginning of left pectoral fin PPL
Length from the snout to the beginning of left ventral fin PVL
Length from the snout to the beginning of the anal fin PAL
Length of the left pectoral fin LPL
Length of the left ventral fin LVL
Anal fin length AL
Distance between the first pair of nostrils DN1
Distance between the second pair of nostrils DN2
Inter-orbital distance IOD
Left eye diameter LED
Head width (measured between the most distal points) HW
Caudal peduncle height CPH
Length from the anus to the fork AFL
Meristic
Second dorsal fin rays D
Anal fin rays A
Left ventral fin rays LV
Right ventral fin rays RV
Left pectoral fin rays LP
Right pectoral fin rays RP
Caudal fin rays C
Sub labial barbells SB
Sub labial pores SP
Tentacles on the left nostril LN
Tentacles on the right nostril RN
Teeth rows in inferior jaw IJ
Teeth rows in superior jaw SJ
Teeth rows in the left palate LPL
Teeth rows in the right palate RPL
Teeth rows in the vomer VM
characters have been reported as independent of fish
size (e.g. Tudela, 1999; Murta, 2000) and were
therefore not standardised. 
For each variable, differences between males and
females were evaluated by t or Mann-Whitney tests
(morphometric and meristic variables, respectively).
Individuals were considered as multivariate obser-
vations in order to account for the joint effect of
variables (Misra and Carscadden, 1987). A stepwise
multivariate discriminant analysis was performed
separately for morphometric and meristic data in
order to identify the combinations of variables that
best separate the samples of H. didactylus (Hair et
al., 1996). The effectiveness of the discriminant
analysis was evaluated by means of the percentage
of individuals correctly classified in the original
sample and by a one-way ANOVA followed by a
posteriori Bonferroni test procedures.
Morphological distances between samples were
computed as Euclidean distances and their correla-
tion with geographic distances was evaluated
through a Mantel test. 
All calculations were performed using SPSS
(SPSS Inc.) and 0.05 as the level of significance.
Genetic analysis
Samples of muscle and liver tissue were hydrat-
ed and then disrupted using ultrasound prior to hor-
izontal starch gel electrophoresis. The technical pro-
cedures for allozyme analysis followed Murphy et
al. (1996) and the histochemical staining methods
were adapted from Harris and Hopkinson (1976).
Alleles were designated by their electrophoretic
mobility relative to the anodal mobility of the most
common allele, which was designated as 100. From
the wide range of enzyme stains tested, only 10 (cor-
responding to 11 loci) showed variation between
samples and were therefore assayed. This elec-
trophoretic variation that was observed conformed
to the simple Mendelian model of co-dominance and
to the known quaternary structure of each enzyme
(Pasteur et al., 1985; Alayse, 1987).
The proportion of polymorphic loci, mean number
of alleles per locus (MNA) and observed (HO) and
expected (HE) heterozygizities were calculated in
GENETIX 4.02 (Belkhir et al., 1996-2001). A locus
was considered polymorphic when the frequency of
its most common allele did not exceed 0.95. 
Wright’s F-statistics and Nei’s genetic distance
(Nei, 1978) were used to analyse genetic differenti-
ation and computed in GENETIX 4.02. Wright’s F-
statistics were estimated according to Weir and
Cockerham (1984) and their significance was tested
using permutations (1000 replicates). FIT, FIS and FST
measure the departure from Hardy-Weinberg pro-
portions at the level of the whole sample, individual
samples and differentiation between samples,
respectively (Wright, 1965). Confidence intervals
(95%) for multilocus FST estimates were calculated
by bootstrapping over loci. Deviations from Hardy-
Weinberg equilibrium (HWE) were also tested
according to the Marckov-chain method in
GENEPOP 3.1 (Raymond and Rousset, 1995). 
The model of isolation by distance (IBD) was
evaluated by the correlation between genetic and
geographical distances using the Mantel test
(Mantel, 1967) as implemented in GENETIX 4.02.
Geographic distances were computed as the shortest
coastal distances between sites and genetic distances
as FST/(1-FST). To compare morphological and
molecular differentiation, the Mantel test was also
performed in GENETIX 4.02 using morphological
distances, defined as Euclidean distances, instead of
geographic distances.
RESULTS
Morphological analysis
No statistical differences were found between
males and females (t>0.282 or U>20854, P>0.05, for
all tests), so sexes were pooled. After size adjustment
calculations, all correlations between variables were
lower than 0.6, and, as so, none of the variables were
discarded prior to the discriminant analysis. The step-
wise discriminant analyses performed on morphome-
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TABLE 2. – Correlations between the morphometric and meristic
variables included in the models and the discriminant functions (see
Table 1 for variables’ acronyms).
Variable Function 1 Function 2
Morphometric DN2 0.713 0.181
HW 0.521 -0.105
CPH 0.253 -0.416
IOD 0.346 0.414
% VARIANCE 36.6 23.5
Meristic LP 0.753 -0.285
SB 0.722 -0.255
RP 0.447 0.893
C -0.106 0.151
% VARIANCE 59.6 20.4
tric and meristic data revealed that the first two dis-
criminant functions explained 60.1% and 80.0% of
total variance, respectively (Table 2). For the mor-
phometric data, the first discriminant function was
mainly correlated with DN2 (distance between the
second pair of nostrils) and HW (head width), where-
as the second function was mainly associated with
CPH (caudal peduncle height) (negative correlation)
and IOD (interorbital distance). For the meristic data,
the variables presenting the highest correlations with
the discriminant functions were LP (number of rays
on the left pectoral fin) and SB (number of sublabial
barbells) (function 1) and RP (number of rays on the
right pectoral fin) (function 2) (Table 2). 
The ordination diagrams obtained from the dis-
criminant analysis of the morphometric data (Fig.
2a) revealed some differentiation between estuarine
(dark symbols, left side) and coastal (light symbols,
right side) samples along the first discriminant func-
tion. These differences were mainly related to the
higher values of DN2 and HW presented by the
coastal samples as indicated by the high and positive
correlation coefficients of these variables with the
first discriminant function (Table 2). The one-way
ANOVA revealed significant differences between
samples (F>29.1, P<0.05, in all tests) and the a pos-
teriori Bonferroni test results showed that estuarine
and coastal samples were always significantly dif-
ferent (P<0.05). For the meristic analysis it was not
possible to identify a distinctive pattern of differen-
tiation between estuarine and coastal samples in the
discriminant analysis diagrams (Fig. 2b). However,
estuarine samples showed a more homogeneous pat-
tern, being distributed on the right side of the dia-
gram, whereas coastal samples were distributed
throughout the diagram. This pattern was probably
related to the higher counts of LP, SB and RP in
estuarine individuals, as indicated by the high and
positive correlation coefficients of these variables
with the first discriminant function (Table 2). One-
way ANOVAs and Bonferroni post-hoc tests showed
that these variables had statistically different values
between the 10 samples (F>1.3, P<0.05, in all tests)
and between coastal and estuarine samples
(P<0.05), respectively. 
According to the morphometric discriminant
analysis, an average of 64.0% of the individuals
were correctly classified and the highest successful
classification was registered for individuals from
Sagres (Sg) (100%) (Table 3). For the meristic char-
acters, the average percentage of correctly classified
individuals was considerably lower (31.9) and
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FIG. 2. – Plots of the centroids obtained from morphometric (a) and
meristic (b) data analysis of H. didactylus samples, according to the
first two discriminant functions. Estuarine samples are enclosed in
the circle. TE, Tejo estuary; SE, Sado estuary; ME, Mira estuary;
Sg, Sagres; Qt, Quarteira; RF, Ria Formosa estuary; Ol, Olhão; Tv, 
Tavira; MG, Monte Gordo; GE, Guadiana estuary.
TABLE 3. – Percentage of individuals of H. didactylus reallocated in
each group in the validation of the discriminant analysis for the
morphometric and meristic data. Rows are the original sample
group and columns the reallocation group. Meristic data are in ital-
ics. GE, Guadiana estuary; MG, Monte Gordo; Tv, Tavira; Ol,
Olhão; RF, Ria Formosa estuary; Qt, Quarteira; Sg, Sagres; ME, 
Mira estuary; SE, Sado estuary; TE, Tejo estuary.
TE SE ME Sg Qt RF Ol Tv MG GE
TE 38.5 7.7 0.0 0.0 3.8 7.7 9.6 21.2 3.8 7.7
38.8 4.1 12.2 18.4 0.0 0.0 10.2 8.2 0.0 8.2
SE 7.7 61.5 3.8 0.0 7.7 5.8 5.8 3.8 3.8 0.0
0.0 60.0 0.0 4.0 4.0 0.0 12.0 8.0 12.0 0.0
ME 2.9 2.9 91.4 0.0 0.0 0.0 0.0 0.0 0.0 2.9
24.5 3.8 13.2 20.8 5.7 0.0 7.5 17.0 3.8 3.8
Sg 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
9.6 9.6 13.5 28.8 0.0 0.0 13.5 15.4 5.8 3.8
Qt 7.1 12.5 1.8 3.6 55.4 0.0 3.6 5.4 1.8 8.9
2.2 0.0 2.2 0.0 67.4 0.0 0.0 10.9 13.0 4.3
RF 0.0 13.0 6.5 0.0 0.0 76.1 0.0 4.3 0.0 0.0
17.9 8.9 14.3 12.5 5.4 0.0 10.7 10.7 8.9 10.7
Ol 9.6 1.9 0.0 1.9 3.8 1.9 50.0 9.6 1.9 19.2
18.8 25.0 0.0 6.3 0.0 0.0 31.3 0.0 6.3 12.5
Tv 11.3 3.8 1.9 0.0 3.8 3.8 9.4 62.3 1.9 1.9
2.9 2.9 8.6 5.7 17.1 0.0 2.9 40.0 11.4 8.6
MG 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 96.0 0.0
0.0 9.6 3.8 3.8 9.6 0.0 13.5 5.8 50.0 3.8
GE 4.1 0.0 4.1 0.0 10.2 0.0 12.2 6.1 2.0 61.2
19.2 5.8 7.7 5.8 15.4 0.0 17.3 7.7 7.7 13.5
Quarteira (Qt) showed the highest successful classi-
fication (67.4%) (Table 3).
The Mantel test performed using the Euclidean
distances showed that morphological distances were
independent of geographic distances (Z=1563513.1,
P>0.05).
Genetic analysis
Of the 11 loci assayed (Table 4), five (AAT*, GPI-
1*, GPI-2*, ME-1* and PGM*) were monomorphic
in all samples. A further two loci (IDH* and MDH*)
were weakly polymorphic, with common allele fre-
quencies higher than or equal to 0.95 in all the sam-
ples, whereas the remaining loci showed common
allele frequencies lower than 0.95 in at least one sam-
ple (Table 5). Differences in the pattern of enzymatic
systems between samples were also found, the most
important being those found for IDH*, MDH* and
MPI*. IDH* was polymorphic only for Tavira,
Quarteira and Sado estuary samples, whereas MDH*
was polymorphic only in the Guadiana estuary,
Quarteira and the Tejo estuary; MPI* was polymor-
phic only in the Monte Gordo and Sado estuary sam-
ples but presented different alleles in each (MPI90 and
MPI110, respectively). The mean number of alleles per
locus (MNA) varied between 1.00 and 1.55 and the
mean expected heterozygosities (HE) ranged from a
minimum of <0.001 for several loci in different sam-
ples to a maximum of 0.62 for G6PDH* in the Sado
estuary (Table 6).
The extremely high and positive values of FIS
found for most loci in all samples indicated het-
erozygote deficiency. According to the permutations
test only IDH* showed non-significant FIS values in
all populations (Table 6). Most of the global depar-
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TABLE 4. – Enzyme systems, loci studied, separation technique, buffer system and tissue used in the genetic analysis of H. didactylus samples.
Protein E. C.1 Locus 1 BUF. SYST.2 Tissue 3
Aspartate aminotransferase 2.6.1.1 AAT* A M
Acid phosphatase 3.1.3.2 ACP-1* B L
Glucose-6-phosphate dehydrogenase 1.1.1.49 G6PDH* B L
Glucose-6-phosphate isomerase 5.3.1.9 GPI-1* A M
GPI-2* A M
Isocitrate dehydrogenase 1.1.1.42 IDH* B L
Malate dehydrogenase 1.1.1.37 MDH* B L
Malic enzyme 1.1.1.40 ME-1* B L
B L
Mannose-6-phosphate isomerase 5.3.1.8 MPI* B L
Phosphogluconate dehydrogenase 1.1.1.44 PGDH* B L
Phosphoglucomutase 5.4.2.2 PGM* A M
1 According to Shaklee et al. (1990)
2 Buffer system: A - tris-citrate-borate pH 8.7/8.2 (Pasteur et al., 1985); B - tris-citrate pH 8.0 (Pasteur et al., 1985)
3 Tissue: L, liver; M, muscle
TABLE 5. – Allelic frequencies for H. didactylus samples of the coastal areas analysed. GE, Guadiana estuary; MG, Monte Gordo; Tv, Tavira;
Ol, Olhão; RF, Ria Formosa estuary; Qt, Quarteira; Sg, Sagres; ME, Mira estuary; SE, Sado estuary; TE, Tejo estuary. Sample size is 
indicated aside sampling site. 
Sample(n)
LOCUS Alelle GE(49) MG(35) TV(53) OL(52) RF(46) QT(56) SG(36) ME(35) SE(52) TE(52)
ACP-1* 100 1.00 1.00 1.00 1.00 1.00 0.96 1.00 1.00 0.87 1.00
110 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.13 0.00
G6PDH* 100 0.65 0.72 0.73 0.87 1.00 0.92 0.63 1.00 0.49 0.61
110 0.25 0.28 0.11 0.13 0.00 0.05 0.37 0.00 0.17 0.20
120 0.10 0.00 0.16 0.00 0.00 0.03 0.00 0.00 0.34 0.19
IDH* 80 0.00 0.00 0.03 0.00 0.00 0.02 0.00 0.00 0.03 0.00
100 1.00 1.00 0.97 1.00 1.00 0.98 1.00 1.00 0.97 1.00
MDH* 90 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02
100 0.96 1.00 1.00 1.00 1.00 0.98 1.00 1.00 1.00 0.98
110 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MPI* 90 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
100 1.00 0.96 1.00 1.00 1.00 1.00 1.00 1.00 0.94 1.00
110 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
PGDH* 100 0.93 0.55 0.80 1.00 1.00 0.77 1.00 1.00 0.79 0.76
110 0.07 0.45 0.20 0.00 0.00 0.23 0.00 0.00 0.21 0.23
ture from HWE (FIT=0.839) was due to departures
within samples (FIS=0.832; FST=0.042). Overall
exact tests of HWE using the Markov-chain method,
under the null hypothesis of heterozygote deficien-
cies, were significant for all populations and loci
(P<0.05). Using the same procedure, but only test-
ing for HWE on populations, Olhão and Sagres were
the only samples showing non-significant depar-
tures from equilibrium.
FST values were generally low (<0.100) but sig-
nificant, the highest value registered being between
Ria Formosa and its coastal area, Olhão (1.000)
(Table 7, upper diagonal). Geographically close
estuaries showed lower and significant FST values
when compared to those obtained for distant ones:
Tejo and Sado (0.001) vs. Tejo and Guadiana
(0.007); Ria Formosa and Guadiana (0.381) vs. Ria
Formosa and Tejo (0.455). Nei’s genetic distances
were also generally low (most values <0.010), the
highest being registered between Ria Formosa and
Monte Gordo (0.033) and Ria Formosa and the Sado
estuary (0.031) (Table 7, lower diagonal). Although
no consistent pattern was found, Nei’s genetic dis-
tances were also generally lower between geograph-
ically close estuaries than between distant ones.
The Mantel test performed under 10000 permu-
tations showed that genetic and geographic dis-
tances were independent, thus refuting the hypothe-
sis of isolation by distance (Z=491.4, P>0.05). The
Mantel test performed using genetic and morpho-
logical distances also showed that these were not
correlated (Z=9030.0, P>0.05).
DISCUSSION
Morphological and genetic markers provide dif-
ferent but complementary information about popu-
lation structure (Ihssen et al., 1981) and have been
widely used in population differentiation studies
(e.g. Spanakis et al., 1989; Alexandrino, 1996;
Roldán et al., 2000; Cabral et al., 2003b, Pinheiro et
al., 2005). 
According to the morphometric analysis, estuar-
ine and coastal samples of H. didactylus showed
some degree of differentiation along the Portuguese
coast, the distance between the second pair of nos-
trils, head width, caudal peduncle height and interor-
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TABLE 6. – Mean number of alleles across populations (MNA),
observed (Ho) and expected (HE) heterozygosities and departures
from Hardy-Weinberg proportions (FIS) for the six polymorphic loci
within H. didactylus samples. Ria Formosa and Mira estuaries pre-
sented only monomorphic loci and are therefore not shown (* -
P<0.05). GE, Guadiana estuary; MG, Monte Gordo; Tv, Tavira; Ol,
Olhão; Qt, Quarteira; Sg, Sagres; SE, Sado estuary; TE, Tejo 
estuary.
ACP-1* G6PDH* IDH* MDH* MPI* PGDH* MNA
HE 0.00 0.51 0.00 0.07 0.00 0.13
GE HO 0.00 0.04 0.00 0.05 0.00 0.14 1.45
FIS - 0.92* - 0.33* - -0.04
HE 0.00 0.40 0.00 0.00 0.08 0.49
MG HO 0.00 0.00 0.00 0.00 0.04 0.22 1.27
FIS - 1.00* - - 0.50* 0.57*
HE 0.00 0.43 0.06 0.00 0.00 0.32
Tv HO 0.00 0.04 0.07 0.00 0.00 0.14 1.36
FIS - 0.92* -0.02 - - 0.60*
HE 0.00 0.22 0.00 0.00 0.00 0.00
Ol HO 0.00 0.00 0.00 0.00 0.00 0.00 1.09
FIS - 1.00* - - - -
HE 0.08 0.15 0.04 0.04 0.00 0.35
Qt HO 0.00 0.00 0.04 0.02 0.00 0.03 1.55
FIS 1.00* 1.00* -0.00 0.50* - 0.93*
HE 0.00 0.47 0.00 0.00 0.00 0.00
Sg HO 0.00 0.00 0.00 0.00 0.00 0.00 1.09
FIS - 1.00* - - - -
HE 0.23 0.62 0.04 0.00 0.10 0.33
SE HO 0.00 0.08 0.05 0.00 0.04 0.07 1.54
FIS 1.00* 0.88* -0.00 - 0.66* 0.80*
HE 0.00 0.55 0.00 0.04 0.00 0.36
TE HO 0.00 0.05 0.00 0.02 0.00 0.05 1.36
FIS - 0.92* - 0.50* - 0.86*
TABLE 7. – Pairwise FST (upper diagonal) and Nei’s genetic distance (below diagonal) between H. didactylus samples determined for all poly-
morphic loci. GE, Guadiana estuary; MG, Monte Gordo; Tv, Tavira; Ol, Olhão; RF, Ria Formosa; Qt, Quarteira; Sg, Sagres; ME, Mira 
estuary; SE, Sado estuary; TE, Tejo estuary. * indicates significant values.
GE MG Tv Ol RF Qt Sg ME SE TE
GE 0.102* 0.006* 0.003* 0.381* 0.074* 0.094* 0.120* 0.037 0.007*
MG 0.013 0.050 0.152* 0.212* 0.079* 0.054 0.000* 0.091* 0.021
Tv 0.002 0.006 0.015 0.516* 0.010* 0.106* 0.000* 0.029 0.024
Ol 0.003 0.019 0.004 1.000* 0.018 0.033 0.000* 0.097* 0.046
RF 0.012 0.033 0.010 0.001 0.592* 0.429* 0.000* 0.282* 0.455*
Qt 0.007 0.008 0.002 0.004 0.006 0.084* 0.639* 0.113* 0.054
Sg 0.000 0.017 0.007 0.004 0.016 0.012 0.000* 0.063* 0.178*
ME 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.818* 0.143*
SE 0.006 0.015 0.005 0.016 0.031 0.014 0.012 0.002 0.001*
TE 0.001 0.004 0.001 0.008 0.019 0.005 0.006 0.000 0.002
bital distance being the most important characters in
this distinction. Although showing a reduced dis-
criminating power when compared to the morpho-
metric traits, meristic counts of the number of rays
on the pectoral and caudal fins and the number of
sublabial barbells were also important factors in
sample differentiation.
Allozymes revealed that the genetic variability of
H. didactylus along the Portuguese coast was simi-
lar to that determined by Smith and Fujio (1982)
over a large number of marine teleosts (mean het-
erozygosities of 0.006). The mean FST value found in
the analysis of all loci (0.042) was lower than that
reported by Ward et al. (1994) for fishes (0.14) but
was in accordance with the low spatial genetic het-
erogeneity suggested by Gyllensten (1985) for
marine teleosts. The Mantel test showed that genet-
ic and geographic distances were not correlated,
thus refuting the hypothesis of isolation by distance,
and that morphological distances were independent
of genetic ones. This pattern of low genetic diver-
gence has been reported for other marine fishes (e.g.
Gyllensten, 1985; Kinsey et al., 1994; Chikhi et al.,
1998; Cabral et al., 2003a, Pinheiro et al., 2005). 
A fine-scale genetic structure was detected
between estuarine and coastal areas, as described for
other species inhabiting both environments. Using
allozyme markers, Ayvazian et al. (1994) detected
genetic subdivision in the cobbler, Cnidoglanis
macrocephalus (Valenciennes, 1840), a demersal
sedentary fish inhabiting estuaries and nearshore
marine areas in western and southern Australia. This
species’ reproductive biology is very similar to that
observed in the Lusitanian toadfish, with eggs
deposited in nests and males exhibiting parental
care, therefore limiting larval dispersion. The
authors detected a high genetic divergence between
estuaries on a local and regional scale, suggesting
low levels of gene flow between estuarine and
marine populations. Chaplin et al. (1998) also
reported genetically distinct assemblages of the
black bream, Acanthopagrus butcheri Gomon et al.,
1994, in nine estuaries and one land-locked lake in
western Australia, despite the low levels of
allozymic variation. However, whereas in these
species the greatest divergence was found between
estuaries, the estuarine samples of H. didactylus
showed low levels of genetic divergence. The high
FST values between the Ria Formosa estuary and its
adjacent coastal areas (Olhão and Quarteira)
revealed an estuarine vs. coastal sample differentia-
tion. A similar pattern was reported for P. minutus
along its distribution range in Europe, with a clear
distinction of the Venetian lagoons’ samples towards
the Mediterranean Sea and Atlantic Ocean (Stefanni
et al., 1996; 2003). The differentiation found in H.
didactylus may have arisen from the operation of the
barrier islands of Ria Formosa, which physically
constrain the flux of individuals. Another plausible
explanation is the “divergence-with-gene-flow”
(Beheregaray and Sunnucks, 2001) induced by the
sedentary behaviour and brood care of toadfish
adults, which may contribute to a decrease in local
genetic variability and subsequently increase differ-
entiation among populations.
Many of the species found in a given estuary are
likely to have resulted from distant immigration and
undergone a recent founder effect or bottleneck
(Bilton et al., 2002). The genetic difference found
between the Tejo and Sado estuaries, which are only
a few kilometres apart, might reflect the fluctuation
of the toadfish assemblage in the Tejo estuary, char-
acterised by a great abundance period followed by
an apparent complete disappearance of this species
and a recent re-colonisation (Costa, 1993).
Assuming that the heterozygote deficiency and high
FIS observed in this location are not the result of mis-
interpretations, the Whalund effect, inbreeding and
directional selection of loci to which these individu-
als were subjected might explain such values. It
would be expected that individuals from the nearest
location, the Sado estuary, were the founders of the
present day population in the Tejo estuary. The
smallest FST value obtained between the Tejo estuary
and the Sado estuary and their small Nei’s genetic
distance corroborate this hypothesis. However, the
low values of these parameters obtained between the
Guadiana estuary and the Tejo estuary, the furthest
location, are not conclusive, so the process of such
colonisation remains intriguing. 
Studies performed with marine species whose
populations inhabit separate coastal areas suggest an
environmental basis for the high morphological dif-
ferentiation. Tudela (1999) reported a high level of
morphological heterogeneity in the European
anchovy (Engraulis encrasicolus Linnaeus, 1758)
from three sampling sites in the Mediterranean but,
according to the electrophoretic analysis, they were
genetically homogeneous. Similar results were
found by Cabral et al. (2003b) for the Portuguese
sole, Synaptura lusitanica Capello, 1868 inhabiting
two locations about 250 km apart on the Portuguese
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coast. Although phenotypic traits are highly variable
and often have low heritabilities, reflecting substan-
tial environmental influence (Lindsey, 1988), the
overall low genetic differentiation found for H.
didactylus should be investigated using more sensi-
tive markers, such as mitochondrial DNA genes or
microsatellites. Pampoulie et al. (2004) studied the
genetic structure of P. minutus from the North Sea
and, although no consistent differentiation was
found using allozymes, microsatellite markers
revealed a clear differentiation between estuarine
and coastal areas samples. Due to their typical high
allelic diversity, microsatellites increase the proba-
bility of detecting genetic differences among popu-
lations (Goudet et al., 1996), and may therefore,
detect a genetic structure concordant with the high
morphological differentiation of the Lusitanian
toadfish on the Portuguese coast.
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